Background: Signaling of the phytohormone ethylene is initiated by ethylene receptors. Results: We present two crystal structures and a solution model of the entire cytosolic domain of ETR1. Conclusion: This first structural model of the cytosolic domains reveals a flexible receiver domain and asymmetry of the central dimerization domain. Significance: The molecular architecture of the isolated cytosolic domain forms the basis to understand receptor assembly and interaction. Ethylene initiates important aspects of plant growth and development through disulfide-linked receptor dimers located in the endoplasmic reticulum. The receptors feature a small transmembrane, ethylene binding domain followed by a large cytosolic domain, which serves as a scaffold for the assembly of large molecular weight complexes of different ethylene receptors and other cellular participants of the ethylene signaling pathway. Here we report the crystallographic structures of the ethylene receptor 1 (ETR1) catalytic ATP-binding and the ethylene response sensor 1 dimerization histidine phosphotransfer (DHp) domains and the solution structure of the entire cytosolic domain of ETR1, all from Arabidopsis thaliana. The isolated dimeric ethylene response sensor 1 DHp domain is asymmetric, the result of different helical bending angles close to the conserved His residue. The structures of the catalytic ATP-binding, DHp, and receiver domains of ethylene receptors and of a homologous, but dissimilar, GAF domain were refined against experimental small angle x-ray scattering data, leading to a structural model of the entire cytosolic domain of the ethylene receptor 1. The model illustrates that the cytosolic domain is shaped like a dumbbell and that the receiver domain is flexible and assumes a position different from those observed in prokaryotic histidine kinases. Furthermore the cytosolic domain of ETR1 plays a key role, interacting with all other receptors and several participants of the ethylene signaling pathway. Our model, therefore, provides the first step toward a detailed understanding of the molecular mechanics of this important signal transduction process in plants.
Ethylene acts as a phytohormone that controls numerous aspects of plant growth and development. In Arabidopsis thaliana, the many responses to ethylene are initiated by a group of five membrane-bound receptors (ETR1, 5 ETR2, ERS1, ERS2, and EIN4) (1) . The basic functional unit of the receptors is a disulfide-linked dimer (2) , which binds one copper ion and therefore one ethylene (3) . In contrast to the majority of membrane receptors, ethylene receptors lack a soluble signal binding domain. Instead, ethylene binds at the dimer interface of the conserved hydrophobic N-terminal receptor domain (4) , which is embedded in the membrane of the endoplasmic reticulum (5) and directly controls the activity of its cytosolic domain.
Ethylene receptors are part of high molecular mass multiple protein complexes when isolated from A. thaliana membranes (6) . To this end, the C-terminal cytosolic receptor domain serves as a docking station for many cellular components, which directly or indirectly contribute to signal transduction. The cytosolic domain itself comprises a GAF (cGMP-specific phosphodiesterase, adenylyl cyclases, and FhlA) domain followed by an HK and in some instances (ETR1, ETR2, and EIN4) a receiver domain. The histidine kinase and receiver domains resemble classical bacterial two-component systems. In prokaryotes, they constitute a phosphoryl relay, which regulates numerous signaling pathways by subsequently executing autokinase, phosphotransferase, and phosphatase reactions (7) . Ethylene receptors were the first example of two-component system-like signaling modules discovered in eukaryotes (8) . Although ETR1 and ERS1, which constitute subfamily 1, possess all of the conserved hallmark residues associated with HK activity, members of subfamily 2 (ETR2, ERS2, and EIN4) lack one or more of those residues. Consistent with this discovery, histidine autophosphorylation of ETR1 and ERS1 was demonstrated in vitro (9, 10) . This activity, however, appears not to be essential for in vivo signaling (11) . Subfamily 2 receptors and ERS1 show Ser/Thr kinase activity (10) . Although all receptors contribute to ethylene signaling (12) , subfamily 1 receptors play a prominent role. For instance, the effect of silver, an ethylene antagonist, was shown to mostly depend on ETR1 (13) .
The relevance of the GAF domain for ethylene signaling remains unknown. The histidine kinase can be subdivided into a dimerization and a catalytic domain. The conserved, phosphoryl-accepting His is located in the dimerization domain DHp. The catalytic domain binds the phosphoryl donor ATP. At present, only structures of prokaryotic HK domains, mainly of the individual domains, are available. More recently the complex between an HK domain and its separate cognate receiver domain from Thermotoga maritima (14) and the complete cytoplasmic region of VicK (15) from Streptococcus mutans have been determined. Depending on the functional state of the receptor, the interaction and relative orientations of the DHp and CA domains vary (14, 16) . The phosphatase-competent state was suggested to display the tightest interaction and closest conformation. In the other two states, phosphotransferase and autokinase, the DHp-CA domain interaction weakens: the CA domain position is more flexible, and the DHp domain exhibits varying degrees of intramolecular asymmetry displayed by different conformations of its N-terminal helices (15) (16) (17) .
In contrast to canonical prokaryotic two-component systems, ethylene receptors control the activity of a cytosolic protein kinase, CTR1 (18, 19) . In the absence of ethylene, both receptor and CTR1 are active. Complex formation of ethylene receptors and CTR1 was shown in vivo (19) . It involves parts of the HK and RD domains on the ethylene receptor and the N-terminal domain of CTR1 (18 -20) . CTR1 is homologous to the family of rapidly accelerated fibrosarcoma kinases (21) , but no definite proof of an associated canonical MAPK cascade exists (22, 23) . More recently EIN2 was shown to be a substrate of CTR1 activity. Phosphorylation of EIN2 by CTR1 prevents its activation and the transport of its cytosolic C-terminal domain into the nucleus (24, 25) . Consequently ethylene signaling in plants combines signal transduction elements from prokaryotic and eukaryotic backgrounds. Ethylene-induced conformational changes within the cytosolic domain are thought to translate into conformational changes within CTR1 and thereby manipulate the initial steps of intracellular signal transduction. This step in the signal transduction is still not well understood and relies on evidence from mutants and studies on the subcellular location of CTR1 (18, 19, 26) .
In addition to the basic functional homodimer, non-covalent higher order complexes between ethylene receptors have been discovered (6, 27) . They provide a plausible explanation for the broad range of ethylene sensitivity (0.2 nl-1,000 l/liter) as well as the dominant nature of ethylene-insensitive mutants. The functional basis of these inter-receptor signaling networks has only just begun to emerge (28) . Recently a signaling pathway relying only on the N-terminal part of ETR1 (res. 1-349), which acts independently of CTR1 but can be inhibited by it (29), was described. This observation adds to the complexity of ethylene receptor signaling.
Here we present the crystallographic structures of the DHp domain of ERS1 (DHp ERS1 ; res. 308 -407; 84% identical with ETR1 equivalent), the CA domain of ETR1 (CA ETR1 ; res. 407-589) bound to ADP, and the solution structure of the entire cytosolic domain of ETR1 lacking the transmembrane domain (ETR1-⌬TM; res. 158 -738). Crystallographic models of a homologous GAF domain (Protein Data Bank code 2O9B (30)), DHp ERS1 and CA ETR1 of this report, and the receiver domain from a previous study (RD ETR1 ) (31) were used as input rigid bodies and refined against the SAXS data of the entire cytosolic domain. They provide the first model of the entire intracellular receptor domain of this important class of plant hormone signal transducers. In addition, the isolated DHp ERS1 domain exhibits an interesting asymmetry that likely represents the ground state of the central part of the receptor.
EXPERIMENTAL PROCEDURES

Protein Expression and Purification: Cloning and Purification of ETR1-⌬TM
N-terminally His-tagged ETR1-⌬TM (res. 158 -738) was amplified from a cDNA library obtained from the Arabidopsis Biological Research Centre at Ohio State University (21) . The PCR protocol consisted of 25 cycles of annealing at 336 K followed by 10 s of extension at 345 K using Thermococcus kodakarensis polymerase (Novagen). The sequences of the forward and reverse primers were 5Ј-CAGGGCGCCAGTGATAGAC-ATACTATTTTAAAGACTACACTTGTTGAGC-3Ј and 5Ј-GACCCGACGCGGTTACATGCCCTCGTACAGTACCCG-3Ј, respectively.
Both primers contain appropriate extensions for ligation-independent cloning. The gene was inserted via ligation-independent cloning into a modified pETM-11/LIC vector where the N-terminal hexa-His tag is followed by a GB1 expression and solubility enhancer (32) and a tobacco etch virus site. The final inserts were verified by DNA sequencing. The protein was expressed in Escherichia coli Rosetta cells in 2 liters of terrific broth medium. Cells were grown to an A 600 of 1.5, cooled to 20°C,inducedwith0.05mMisopropyl1-thio-␤-D-galactopyranoside, and harvested after 18 h. The cells were lysed in 20 mM Tris, pH 8.8, 150 mM NaCl, 1 M urea, 3 mM ␤-mercaptoethanol, 0.1% (w/v) CHAPS (Carl Roth, Germany), 20 mM imidazole, EDTA-free protease inhibitors (cOmplete ULTRA Tablets, Mini, Roche Applied Science), and 10 g ml Ϫ1 DNase. The Ni-NTA purification steps were carried out as described for ERS1 DHp (33) with the exception of adding 0.1% (w/v) CHAPS to the Ni-NTA wash buffer and dialyzing pooled fractions against 30 mM Tris, pH 8.8, 100 mM NaCl, 6 mM ␤-mercaptoethanol, and 3% glycerol during the tobacco etch virus digestion step at 4°C for 18 h. After the second Ni-NTA step, the sample was either used directly for SAXS measurements (no NDSB 201 added; see Fig. 6B ), or NDSB 201 was added, and size exclusion chromatography (HiLoad 26/60 Superdex 200, Amersham Biosciences) was used as the final purification step. The column was pre-equilibrated in 20 mM Tris, pH 8.8, 150 mM NaCl, 1 mM DTT, and 250 mM NDSB 201. ETR1-⌬TM was concentrated using a Vivaspin concentrator (30,000 molecular weight cutoff, Vivascience, Germany).
X-ray Structure Determination
Structure Determination of DHp ERS1 -Cloning, expression, purification, and crystallization of the DHp domain of ERS1 (DHp ERS1 , ERS1 308 -407 ) have been described previously (33) . The structure of DHp ERS1 was solved using the peak and inflection point data sets of an Se-Met crystal collected on beamline X12 (EMBL-Hamburg, DESY). The crystal was rotated in steps of 1.1°over a total range of 154°. Data were processed with XDS (34) and scaled with SCALA (35, 36). Phases were obtained using HKL2MAP (37) , and an initial model was built into the resulting experimental electron density map using ARP/wARP (38) . The model was refined against native 1.9-Å data in C222 1 and 2.15-Å data in P2 1 2 1 2, both collected on beamline ID29 at the European Synchrotron Radiation Facility, Grenoble, France. Iterative cycles of PHENIX (39) were followed by manual model building in Coot (40) . Non-crystallographic symmetries were excluded from the refinement due to structural differences in the individual monomers. MolProbity (41) analysis indicated that the overall geometry of the final model ranked in the 98th percentile (MolProbity score of 1.38) for C222 1 and in the 99th percentile (MolProbity score of 1.43) for P2 1 2 1 2 where the 100th percentile is best among structures of comparable resolution. Figures were generated using the PyMOL Molecular Graphics System, Version 1.5.0.4, Schrödinger, LLC. The statistics of the x-ray diffraction data sets and structure refinement are summarized in Tables 1 and 2 .
Structure Determination of CA ETR1 -Cloning, expression, purification, and crystallization of CA ETR1 (residues 407-589) have been described previously (42) . A native data set was collected at beamline PX III of the Swiss Light Source at a wavelength of 0.998 Å. The structure was solved by molecular replacement with the CA domain of HK853 (Protein Data Bank code 2C2A) as a search template using Auto-Rickshaw (43) . The model was manually corrected with Coot (40) and refined with PHENIX (39) . To confirm the identity of metal ions in the structure, SAD data were collected to a resolution of 2.2 Å at beamline X12 (EMBL-Hamburg, DESY) and a wavelength of 1.377 Å. Phases were independently calculated with the SAD phasing protocol of the Auto-Rickshaw web server (43) and by using the SHELXD/E program suite (44) . Initial phases were further improved with the MRSAD protocol of Auto-Rickshaw (43) . The statistics of data collection and structure refinement are given in Table 1 .
SAXS Experiments
SAXS measurements were carried out at beamline P12 (EMBL-Hamburg, DESY) at the PETRA-III storage ring using a Pilatus 2M detector (Dectris) and at the X33 beamline (EMBL-Hamburg, DESY) at the DORIS storage ring using a Pilatus 1M detector (45) . The purified ETR1-⌬TM receptor domain was measured at several concentrations (0.3-1.4 mg/ml). Concentrations were determined by measuring the absorption at 280 nm using a NanoDrop ND-1000 spectrophotometer (Nano-Drop Technologies, Wilmington, DE), and an absorption of 0.502 (at a concentration of 0.1% (ϭ1 g liter Ϫ1 ) at 280 nm) was determined. For each measurement, 20 50-ms frames were collected and averaged using a sample volume of 30 l at a temperature of 10°C. The SAXS camera was set to a sample-detector distance of 3.1 m, covering the momentum transfer range 0.008 Å Ϫ1 Ͻ s Ͻ 0.47 Å Ϫ1 (s ϭ 4 sin()/ where 2 is the scattering angle and ϭ 1.24 Å is the x-ray wavelength). Prior to and following each sample exposure, the buffer excluding the protein was measured to allow for background subtraction.
The data were corrected for buffer contribution, scaled for solute concentration, and extrapolated to infinite dilution using the program PRIMUS (46) . The radius of gyration (R g ) and forward scattering intensity I(0) were determined using Guinier analysis (47) assuming that at very small angles (s Յ 1.3/R g ) the intensity is represented as I(s) ϭ I(0)exp((sR g ) 2 /3). R g and I(0) were also independently determined along with the maximum particle dimension (D max ) using the indirect Fourier transformation approach in the program GNOM (48) . The molecular mass (MM SAXS ) of the construct was calculated by comparison of the extrapolated forward scattering with reference BSA samples (66 kDa). The excluded volume of the hydrated particle (V p ) was computed from the small angle portion of the data (s Ͻ 0.25 Å Ϫ1 ) using DATPOROD (49) , and an estimate of MM was also extracted. For globular proteins, Porod volumes in Å 3 are about 1.7 times the molecular masses in Da (49) . The scattering patterns from available high resolution models were calculated using the program CRYSOL (50) and used to determine the fit of these models to the experimental data. Given the atomic coordinates, the program minimizes discrepancy in the fit to the experimental scattering intensity by adjusting the excluded volume of the particle and the contrast of the hydration layer. The discrepancy ( 2 ) between the measured and calculated SAXS profiles is defined as follows.
where N is the number of experimental points; c is a scaling factor; I calc (s j ) and I exp (s j ) are the calculated and experimental scattering intensity, respectively; and (s j ) is the experimental error at the momentum transfer s j . The statistics of data collection are summarized in Tables 3 and 4 .
SAXS Modeling
Ab initio models were reconstructed from the ETR1-⌬TM scattering data using the simulated annealing bead modeling programs DAMMIF (51) and MONSA (52) . DAMMIF and MONSA represent the particle as a collection of M (Ͼ Ͼ1) densely packed beads inside a loosely constrained search volume compatible with the experimentally determined R g (DAMMIF) or D max (MONSA). In the case of MONSA, three bead phases were defined corresponding to the GAF, DHp and CA, and RD domains, and data from three ETR1 constructs (ETR1 DHp-CA , ETR1 DHp-CA-RD , and the entire ETR1-⌬TM) were used in a global refinement procedure. An average of 10 independent reconstructions was used to generate a representative shape envelope using the program DAMAVER (53) . In addition, the ensemble of the DAMMIF ab initio models was used to calculate an excluded volume of the particle, V DAM , from which another independent MM estimate was derived (empirically, MM DAM ϳ V DAM /2).
Rigid body models were generated for all constructs using the program CORAL (54) where high resolution models of domains were defined as rigid bodies, and linkers/loops between the individual subunits were represented as flexible random polypeptide chains. The results of 10 independent CORAL runs were analyzed using the programs SUPCOMB13 (55) and DAMAVER to identify the most representative/typical models.
Three homology models of the cytoplasmic domains of ETR1 were constructed in the program MODELLER (v9.10) (56) based on the DHp domain of ERS1, the structures of the CA and receiver domains of ETR1 (Protein Data Bank code 1DCF (31)), and three homologous GAF domains (Protein Data Bank codes 2O9B (30), 2LB5 (57), and 1MC0 (58)). The DHp and the GAF domains were mutated to match the residues in ETR1. The T. maritima TM0853 HK domain (Protein Data Bank code 2C2A) was used to place the DHp and CA domains relative to each other. The GAF domains were placed using the overlap with the N terminus of the DHp ERS1 domain as a guide. The receiver domain was placed relative to this core model by rigid body modeling with a 15-residue flexible linker between the CA and receiver domain as a restraint.
Flexibility analysis of ETR1 in solution was conducted using the constructed rigid body models as input for the ensemble optimization method. This approach seeks to best fit the experimental scattering profile with an ensemble of conformations (59) . The 15-residue linker between the CA and receiver domains was defined as flexible, and its possible conformations were modeled with RANCH producing 10,000 random configurations (59) , whereas the rest of the dimeric protein was kept fixed. A genetic algorithm was used to find the set of conformations best fitting the SAXS data. The structures selected from the random pool of structures were analyzed with respect to the R g distribution. 
RESULTS
An overview of the domain denominations and of the various constructs used for the modeling, including their termini and structural analysis method, is given in Fig. 1 .
Structure of the DHp Domain of ERS1-Attempts to crystallize the ETR1 DHp domain did not yield suitable crystals, whereas DHp ERS1 crystallized in two different space groups under similar crystallization conditions. Crystals in space group (SG) C222 1 contained one dimer per asymmetric unit and diffracted x-ray radiation to 1.9 Å, whereas crystals in SG P2 1 2 1 2 contained two dimers per asymmetric unit and diffracted x-rays to 2.15-Å resolution. Attempts to solve the structure by molecular replacement failed probably due to the parallel packing of the long helical segments in both crystal forms. Phasing of the data succeeded through SAD of protein labeled with Se-Met.
As expected from previously described prokaryotic homologues (14) , the eukaryotic DHp ERS1 forms a dimer of helical hairpins ( Fig. 2A ). The two antiparallel helices of a hairpin are connected by a short loop (res. 371-375). The N-terminal helix ␣1 (res. 308 -370) extends for about 95 Å and is considerably longer than in all known prokaryotic structures. The length of the C-terminal helix ␣2 adds up to about 40 Å and closely resembles helix ␣2 of the complete HK from T. maritima, HK853 (Protein Data Bank code 2C2A). The first ϳ30 residues of helices ␣1 and ␣1Ј (the prime discerns the protomers within a DHp dimer) form a parallel coiled coil with a left-handed twist of about 23°. The remaining parts of the hairpins constitute a four-helix bundle. Therefore, DHp ERS1 consists of two parts, a coiled coil portion and a four-helix bundle, comparable with the dimerization domain of HK853. Because helix ␣1 of DHp ERS1 is about five turns longer than in HK853, the coiled coil domain is correspondingly longer as well. The entire dimer interface buries 2120 Å 2 of solvent-accessible surface area from each monomer. The four-helix bundle contributes 1310 Å 2 or 62% of this interface. The coiled coil interface contributes 810 Å 2 , which is about 40% more than in HK853.
Because the structure of HK853 contains a crystallographic dyad, both hairpins are by definition identical. The situation for DHp ERS1 with three crystallographically independent copies of dimerization domains is different and reveals a number of intradimer discrepancies. Each N-terminal helix displays a noticeable kink at residue Met-351 just 2 residues prior to the phosphoryl-accepting His-353. Both bending angles within each dimer are significantly different but strikingly comparable among individual dimers. When superimposing all three independent copies of DHp ERS1 from the conserved histidine residue to their C termini (residues 353-404), the bending is always about 18°in helix ␣1 and always about 31°in helix ␣1Ј (Fig. 2B) . The conserved phosphorylatable His-353 adjacent to the kink region is solvent-exposed and assumes a variety of side chain orientations.
The larger bending of ␣1Ј coincides with a hydrogen bond between the side chain amide of Asn-352Ј located at the inner bend of the kink and the backbone carbonyl of Ile-396 in helix ␣2 that disrupts the canonical helical hydrogen bonding pattern of helix ␣1Ј. In SG C222 1 , the side chain amide of Asn-352Ј and the backbone carbonyl of Ile-396 are within 2.9 Å (Fig. 2C ). This close contact correlates with an increase of the distance between the backbone carbonyl oxygen of Val-350Ј and the backbone amide of Glu-354Ј to 5.2 Å. The corresponding gap represents the outer angle of the helical kink. When there is no interaction between Asn-352 and Ile-396 (d ϭ 4.5 Å) as in helix ␣1, the helical hydrogen pattern is preserved with a regular distance of 2.8 Å. The same pattern is found in all three independent dimers of DHp ERS1 .
The most conspicuous and functionally significant difference between the dimerization domains of HK853 and DHp ERS1 concerns the topology of the hairpin loops connecting helices ␣1 and ␣2. They are orthogonal to each other, resulting in an opposite handedness of the four-helix bundles (Fig. 2D) . As a consequence, we expect ERS1 to perform a classical transphosphorylation because HK853 had been shown to phosphorylate in cis (14) .
Any comparison of the dimerization domains of DHp ERS1 and HK853 must take their opposite handedness into consideration. Superposition of spatially equivalent helical residues therefore matches one hairpin of DHp ERS1 with helix ␣1 (res. 234 -277) and helix ␣2Ј (res. 286Ј-313Ј) from HK853. An r.m.s.d. of 1.1 Å between the less bent hairpin of DHp ERS1 and HK853 stresses the overall similarity of the dimerization domains despite their different connectivity. A higher r.m.s.d. of 1.6 Å between the stronger bent hairpin of DHp ERS1 and HK853 reflects the structural rearrangement of helix ␣1Ј in DHp ERS1 . For comparison, the intramolecular r.m.s.d. between the hairpins of the dimer of DHp ERS1 in SG C222 1 is 1.8 Å.
Structure of the Catalytic Domain of ETR1-CA ETR1 crystallized in space group I2 1 2 1 2 1 with one molecule per asymmetric unit and diffracted x-rays to 1.90-Å resolution. The final model contains 150 protein residues, one ADP molecule, 11 Cd 2ϩ ions, one Cl Ϫ ion, and one acetate (Fig. 3A) . The overall structure assumes an ␣/␤-sandwich fold and closely resembles the CA domain of HK853. Following the nomenclature of HK853, one layer of the sandwich fold consists of a mixed five-stranded ␤-sheet (␤B and ␤D-␤G), and the other layer consists of three helices (␣3-␣5) and a pair of short antiparallel ␤-strands (␤A and ␤C). Two loops, residues 490 -502 and residues 531-543, could not be modeled due to weak electron density. The first loop connects strands ␤D and ␤E and exceeds the equivalent loop in HK853 by 16 residues. The second loop constitutes the ATP lid, which is also partially unstructured in HK853. 138 equivalent pairs of C␣ atoms from CA ETR1 and HK853 overlay with an r.m.s.d. of 1.4 Å.
The Nucleotide Binding Site-An ADP molecule is bound at the expected nucleotide binding site of CA ETR1 in a conformation that emulates the ADP bound by HK853. It interacts with conserved residues from the N, G1, F, G2, and G3 boxes. The purine ring of the ADP is tucked into a hydrophobic pocket formed by Phe-474, Ile-518, and Ile-526. The interaction of Phe-474 with both the purine and Lys-473 classifies the HK of ETR1 as belonging to the predominant class of histidine kinases like PhoQ and HK853 (60) . The adenine is further fixed by a hydrogen bond between the conserved Asp-513 of the G1 box and N6 of the exocyclic amino group. The only interaction of the ribose is a hydrogen bond between O2Ј and the N⑀ of Lys-529 in the F box. This interaction is unusual; however, the side chain of Lys-529 has B-factors of more than 80 Å 2 and accordingly weak electron density. In CA ETR1 and HK853, the last structured residues before the unstructured ATP lid point in A, schematic representation of CA ETR1 in complex with ADP. The plant-specific insert residues (490 -502) and the ATP lid (531-435) are disordered and shown as dashed lines, the ADP and acetate are shown as sticks, and the metal ions are shown as spheres. B, the CA ETR1 nucleotide binding side with ADP and interacting residues shown as sticks. A hydrophobic pocket formed by residues Phe-474, Ile-518, and Ile-526 covers the adenine moiety of ADP. A cadmium ion is coordinated among N1 of adenine ring, the residues Asp-513 and Cys-573, and a chloride ion (green sphere). Binding of this metal ion requires the G3 box motif residue Cys-573, which is present only in the ethylene subfamily 1 receptors. C, Cd 2ϩ coordination with phosphate groups of ADP. Ions are shown as spheres, and interacting residues are shown as sticks. Two cadmium ions (blue spheres) interacting with water molecules (red spheres) and the phosphate groups of ADP and the interacting residues (sticks) are shown. The ␣and ␤-phosphate oxygen atoms of the ADP, Asn-470, Asn-466, and two water molecules (W57 and W80) octahedrally coordinate the ion. Symmetry-related ions and residues are highlighted with an asterisk. opposite directions. Although the loop wraps around and over the ADP in HK853, it departs from the nucleotide in CA ETR1 . This departure points the loop toward the inferred regulatory interface with the DHp domain based on analogy with HK853. As in HK853, the O3Ј of the ribose is in hydrogen bonding distance of its own ␤-phosphate. The ␣and ␤-phosphates are positioned similarly as in HK853 by interactions with Asn-470, the main chain amide of Leu-548, and the already mentioned Lys-473 (Fig. 3B) . The disorder of the ATP lid (res. 531-543 in CA ETR1 and res. 433-441 in HK853) was blamed on the absence of a ␥-phosphate in HK853 (60, 61) . The shorter ATP lid of the CA domain of ThkA (Protein Data Bank 3A0T), however, is flexible in the ligand-free form but ordered in the ADPbound form (62) . The conformation of the ATP lid, therefore, appears to depend on multiple parameters.
Positions of the Metal Binding Sites-CA ETR1 was crystallized in the presence of CdSO 4 . Crystallization attempts in the absence of nucleotide or CdSO 4 were as unsuccessful as attempts to replace Cd 2ϩ with Mg 2ϩ or Mn 2ϩ . Based on SAD data, a total of 11 Cd 2ϩ sites per monomer were identified. Eight of these sites are located on the protein surface in close contact with appropriate side chains. The remaining three sites mediate interactions between protein and ADP.
Two cadmium ions are ligated by the phosphate groups. Oxygens of the ␣and ␤-phosphates, the side chains of Asn-466 and Asn-470, and two water molecules octahedrally coordinate one ion (Fig. 3C) . The position of this Cd 2ϩ ion is equivalent to the position of the Mg 2ϩ ion in the AMPPNP complex of PhoQ (Protein Data Bank 1ID0). The second Cd 2ϩ is very close to the crystallographic dyad parallel to the c axis. Accordingly, this cation interacts with the ␤-phosphates from symmetry-related ADP molecules in the adjacent asymmetric unit that are just 6.5 Å apart. The occupancy of this Cd 2ϩ site was set to 50%.
In many histidine kinases, a water molecule mediates a contact between the conserved Asp-513 (Asp-415 in Protein Data Bank code 1ID0, Asp-411 in HK583, and Asp-533 in Protein Data Bank code 3SL2) from the G1 box and N1 of the adenine ring. In CA ETR1 , a Cd 2ϩ takes this position. Cys-573 and a Cl Ϫ ion complete a tetrahedral ligand sphere around this Cd 2ϩ (Fig.   3B ). This cysteine residue is part of the G3 box motif and found only in subfamily 1 but not in subfamily 2 receptors (ETR2, ERS2, and EIN4) ( Fig. 4) . Here, the cysteine is replaced with glutamate, lysine, and glutamine, respectively, which are much larger in size and accordingly unsuitable to accommodate the binding of a cadmium ion.
SAXS Model of the Cytosolic ETR1 Receptor Domain-A construct of ETR1 comprising the entire cytosolic domain (ETR1-⌬TM; res. 158 -738) was analyzed by SAXS after resisting vigorous crystallization attempts. ETR1-⌬TM tends to aggregate, which prevented acquisition of usable data at high sample concentrations (Ͼ1 mg/ml). The sensitivity of the sample also prevented the acquisition of useful SAXS data in the presence of nucleotides. The addition of the stabilizing agent NDSB (250 mM) to the sample facilitated measurement across an increased range of concentrations. The good data quality allowed a detailed structural modeling, especially at low angles, describing the overall shape of the particle.
Because of some uncertainty in the accuracy of protein concentration estimations for the ETR1 constructs, the MM was derived from hydrated particle volumes determined from the SAXS data and independent of sample concentration ( Table 2) . MM based on the Porod volume V p is 160 Ϯ 25 kDa, which is consistent with that expected for a dimeric receptor (130 kDa). Furthermore, the molecular envelope reconstructed from ab initio bead modeling can only be adequately fit by docking the high resolution domain fragments as a dimer into the model volume. Subsequent rigid body refinement of the crystallographic fragments as a dimer yields acceptable goodness-of-fit parameters with discrepancies () between the experimental data and rigid body models in the range 1.1 Ͻ Ͻ 1.5, further providing strong evidence that ETR1-⌬TM is dimeric in solution (Fig. 5A) .
SAXS data for the entire soluble domain of ETR1 and two shorter constructs (ETR1 DHp-CA and ETR1 DHp-CA-RD ) were used in global refinement procedures to determine the low resolution solution structure of ETR1-⌬TM (Fig. 4A) . Multiphase bead models defining three distinct phases were reconstructed ab initio from the three data sets: 1) GAF domain, 2) DHp and Red tubes and green arrows annotate the secondary (Sec.) structure as observed in the structures. Conserved features are indicated with the phosphorylatable His in red, the N box in purple, the plant-specific insert in orange, the G1 box in light green, the F box in blue, the ATP lid in salmon, the G2 box in green, and the G3 box in dark green. The cysteine residue (Cys-573) from the G3 box motif is highlighted with an arrow. This cysteine residue is required for Cd 2ϩ binding and is found only in subfamily 1 receptors (ETR1 and ERS1). In subfamily 2 receptors (ETR2, ERS2, and EIN4), this cysteine is replaced by larger residues, which are not suitable to accommodate the binding of a cadmium ion. JANUARY 30, 2015 • VOLUME 290 • NUMBER 5
Structural Model of the Cytosolic Domain of ETR1
JOURNAL OF BIOLOGICAL CHEMISTRY 2651
CA domains, and 3) RD domain. A global refinement was conducted, generating dimeric models with a "dumbbell" shape for both ϮNDSB data and with the GAF and RD domains at opposing sides of the central DHp dimer interface and CA domains (Fig. 4D) . Independent of the ab initio modeling, the available high resolution data of the ETR1 domains were also used in a multicurve global rigid body refinement procedure (Fig. 5, A  and B) . Structural information of the GAF domain was derived from homology modeling because all attempts to obtain crystallographic information of the GAF domain of ETR1 failed. Three GAF domains with different functional backgrounds gave virtually identical results in rigid body refinements against SAXS data (Fig. 4C) . The features of the dimeric ETR1-⌬TM models are shown in Fig. 5C where the CA domains and RD domains extend outward from the central DHp helical stalk. There appears to be little contact under the conditions used in the measurement between the catalytic and receiver compo-nents themselves or between the RD domain and the dimerization domain. The CA domain, however, appears consistently associated with the DHp domain in a similar manner as (but distinct from) that observed in the T. maritima crystal structures (Protein Data Bank codes 3DGE and 2C2A). When the best rigid body model is superimposed with the multiphase bead model (Fig. 4D) , the agreement in terms of overall shape is excellent. However, the bead model suggests that the average position of the CA domain is distinct from that observed in the rigid body model where it is closer to the GAF domain. Also, in the fits of the rigid body model to the data for the complete cytosolic region both with and without NDSB, the maxima at ϳs ϭ 1 nm Ϫ1 is somewhat smeared out. Taken together, this may reflect a dynamic and flexible nature of the linkers between the peripheral domains.
To further explore the potential flexibility of the cytosolic domain of ETR1, an ensemble-based modeling approach was FIGURE 5. Rigid body refinement of ETR1-⌬TM. A, model refined in a global fit against data from three constructs, including 250 mM NDSB data for the cytoplasmic domains of ETR1. Discrepancies () for the fit of the models to the ETR1-⌬TM, ETR1 DHp-CA-RD , and ETR1 DHp-CA data with 250 mM NDSB are 1.5, 1.1, and 1.3, respectively. Discrepancies () for the fit of the models to the ETR1-⌬TM, ETR1 DHp-CA-RD , and ETR1 DHp-CA data without NDSB are 1.4, 1.2, and 1.4, respectively. B, model refined as in A but using data without NDSB for the cytoplasmic domains of ETR1 at low protein concentration. C, ensemble of rigid body models of ETR1-⌬TM refined against SAXS data. Models at the bottom are rotated through 90°relative to those above. The GAF, DHp, CA, and RD domains are colored yellow, blue, orange, and green, respectively. conducted using the ensemble optimization method (59) . An ensemble of models was selected from a pool of randomly generated conformations that best describe the experimental data. Models were constructed from the high resolution domain structures with randomized DHp-CA and CA-RD linkers, maintaining the fixed position and orientation of the GAF and DHp domains. The selected ensembles provide an improved description of the data, accounting for the smearing out of the maxima at s ϳ 1.0 nm Ϫ1 by modeling domain flexibility (Fig.  6B) . The size distributions generated in this procedure suggest that the system is not completely flexible as the widths of the selected ensembles relative to the pool are visibly more narrow (Fig. 6A ). It is interesting to note that the distribution of R g values for the data set in the absence of NDSB is shifted to higher values, an indicator of predominantly extended structures, whereas the NDSB data yield a distribution close to the average R g of the pool. This suggests that the addition of a stabilizing agent to the solution promotes the formation of more compact structures.
Agreement between independent modeling approaches confirmed the expected dimeric assembly of ETR1. The overall dumbbell shape obtained by ab initio modeling correlates well with the rigid body model, positioning the GAF domain at the top and the catalytic and receiver domains at the bottom of a central helical bundle, respectively. There seems to be some flexibility of the receiver domain position, but it appears to be distinct from the position described for a T. maritima receiver domain in complex with its HK (14) .
DISCUSSION
Signal transduction involves the activation of cytosolic proteins by membrane-bound receptors. Specific protein-protein interactions between the receptor and its intracellular target molecules constitute the foundation of this process, which is modulated by structural rearrangements in the cytosolic domain of the receptor. Any detailed understanding of signal transduction, therefore, requires structural knowledge of the different conformational states of the receptor and its complexes. Our results provide the first model of the entire cytosolic domain of the main ethylene receptor, ETR1, together with indications of specific conformational rearrangements of its central cytosolic domain.
The Dimerization Domain-A distinct feature of the isolated DHp domain of ERS1 is its inherent asymmetry. In three independent copies of DHp ERS1 , the bending angles of the N-terminal helices at Met-351 consistently amount to about 18°for helix ␣1 and 31°for ␣1Ј, the second helix of the dimer. In all three cases, the larger bending angle (helix ␣1Ј) correlates with a hydrogen bond between the side chain amide of Asn-352Ј located at the inner bend of the kink and the backbone carbonyl of Ile-396 in helix ␣2 and with a disruption of the direct helical hydrogen bond between Val-350Ј and Glu-354Ј by a water molecule. Asn-352 is conserved in subfamily 1 and substituted with a serine, another potential hydrogen donor, in subfamily 2 (Fig.  9 ). The canonical hydrogen bond of the dimer-related helix is extended but maintained over the 18°kink. Molecular dynamics calculations on DHp ERS1 indicate that the observed asymmetry is dynamic in nature such that the less bent helix may assume the higher bent state at the expense of the other helix, which simultaneously transitions from a high to a less bent state (data not shown).
The sections of individual hairpins before (res. 312-340) and after (res. 356 -405) the kink overlay well with r.m.s.d. values of In contrast to the pre-and postkink sections, this part at the intersection of the coiled coil and four-helix bundle does not follow the classical knobs-into-holes packing of buried side chains, which is reflected in variability of the Crick angle, radius, and angular shift (especially in chain A as analyzed using the program samCC (63)) ( Fig. 7) . The asymmetry is also found on the level of side chains participating in the interhelix contacts. Helices ␣1 and ␣2 of chain A show a cogwheel-like movement relative to each other when compared with chain B. This is most prominent at the end of chain A, the domain boundary to the catalytic CA domain, after residue 399; e.g. residue 402 in helix ␣2Ј (chain B) points to the core of the four-helix bundle, whereas the same residue in helix ␣2 points to the solvent (Fig.  8) . The observed asymmetries at both termini of the central dimerization domain are expected to influence the orientation of the preceding GAF domains and the succeeding catalytic domains.
Previously, different rotational states of a charged layer within two-component HKs were correlated with different activity states of the HK (17) . In DHp ERS1 , this region corresponds to the residues around Arg-344 at the intersection of the coiled coil and four-helix bundle. Arg-344 of helix ␣1 points to the center of the bundle, whereas Arg-344 of helix ␣1Ј points toward the surface with a Crick angle difference of about 20°b etween both. This asymmetric arrangement is neither in line with a knobs-into-holes nor an x-da arrangement (Fig. 8) . A similar configuration is observed in variants of the DesK, another HK domain (16) . Therefore, this arrangement flanked with regular arrangements before and after the kink likely constitutes the conformation of the DHp domain in the absence of external restraints. The observed conformations at least highlight a highly flexible hinge within DHp ERS1 close to the phosphoryl-accepting histidine. This hinge within the long helix ␣1 is capable to simultaneously bend and rotate. Because we observed no other conformational state of this domain in its isolated state, it likely represents the structural ground state of the DHp domain.
The connecting loops at the tip of the four-helix bundle of the five receptors in A. thaliana appear to fall into two sequentially related groups. Subfamily 1 sequences from A. thaliana as well as members from subfamily 1 from other plants are highly conserved, whereas the sequences of subfamily 2 are diverse. Therefore, the topology of subfamily 1 dimerization domains is expected to be left-handed, whereas no prediction of the connectivity can be made for subfamily 2. The connectivity of the hairpin domains in DHp ERS1 suggests a transphosphorylation mechanism as already observed for other HKs (64) .
The interface of the N-terminal coiled coil of DHp ERS1 contains a number of polar or charged residues (Ser-316, Arg-320, Asn-327, and Arg-334) at the a or d positions of the helical heptad. Charged residues at position a or d were also found in the HKs EnvZ and Sln1, making this a general feature of coiled coils in HKs. The interface residues of the five ethylene receptors in A. thaliana at position a or d between residues 313 and 337 are conserved or conservatively replaced (R for K in two receptors). This strongly suggests coiled coils of similar length and crossing angles in all of them.
The Catalytic Domain-The structure of the catalytic domain in complex with ADP is highly similar to that of the catalytic domain of the complete prokaryotic HK853. The largest structural differences are located in a loop connecting the F box and G2 box motifs, which comes closest to the interface between the dimerization and catalytic domains. Another significant difference was found within the ADP binding pocket. Ordinarily, a water molecule mediates the interaction between the conserved aspartate of the G1 motif and the endocyclic N1 of the purine. In CA ETR1 , the same interaction is mediated by a Cd 2ϩ ion, which is further ligated by Cys-573 and a nearby anion, which was interpreted as a Cl Ϫ ion. The identity of this Cd 2ϩ was unambiguously determined by anomalous scattering. Although it is debatable, whether Cd 2ϩ is the biological cation, the ligand sphere and available space strongly argue for the presence of a cation at this position in ETR1. Sequence comparison within the ethylene receptor family suggests that this binding site is limited to subfamily 1 and probably absent in subfamily 2 members because of the substitution of Cys by much larger amino acids.
The Cytosolic Domain of ETR1-The cytosolic domain of ETR1 resembles the shape of a dumbbell with the N-terminal GAF domain immediately adjacent to the ethylene-binding membrane domain, separated from the ATP-binding catalytic and receiver domains by the long coiled coils of the dimerization domains. There is no evidence of physical interaction between the GAF and CA domains, which are separated by at least 35 Å. The conformational freedom of the GAF domains is restrained by the preceding small disulfide-linked ethylenebinding membrane domains. It appears reasonable, therefore, to endow the coiled coil region of the DHp with the task of communicating ethylene binding between its binding site and the catalytic domain. The rigid body refinement of an asymmetric model, reflecting the different helical kinks observed for the DHp domain, against the SAXS data yielded a marginally lower quality of fit ( ϭ 1.3) than that of a symmetric model ( ϭ 1.2) (data not shown).
Our attempts to obtain SAXS data in the presence of ATP failed due to dramatically decreased data quality. SAXS measurements of the ATP-binding HK domain (DHp-CA) of ETR1 in the presence and absence of ATP did not reveal conformational differences at this level of resolution (data not shown). This finding, however, cannot exclude conformational rearrangements of the full-length receptor as a function of nucleotide binding.
The chimeric nature of our model (DHp from ERS1 and GAF from homologous sources) adds some incertitude. Because the DHp domains of ERS1 and ETR1 share 93% similarity (84% identity), anything but a very high degree of structural analogy between both proteins would be surprising. The fact that the quality of our SAXS model was virtually independent of the chosen GAF domain (Fig. 6C) shows that (i) no conclusion can be drawn as to the functional nature of GAF in our model and (ii) our model is a good representation of the solution structure of the cytosolic domain of ETR1.
In the SAXS model of the cytosolic domain of ETR1, the GAF and HK consisting of DHp and CA assume comparatively defined positions relative to each other. The receiver domains in contrast are flexible and do not assume a fixed position. A closer analysis of the range of conformations consistent with the experimental data reveals that the average center of mass distance between DHp and the receiver domain varies between 30 and 78 Å. In none of the models do the two receiver domains come close enough to form the specific interaction previously observed for the isolated domains (31) (Fig. 5C ). However, in the most frequent conformation of the receptor dimer selected by an ensemble analysis, the receiver domains adopt an arrangement perfectly suited to mediate those specific interactions between receptor dimers. This interaction may contribute to the observed formation of inter-receptor complexes possibly in a phosphorylation-dependent manner. The RD domain would hence serve as a module controlling the known receptor interaction, which is responsible for the wide range of ethylene sensitivity rather than for phosphoryl relay.
